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 Animals decide on appropriate behaviors when encountering various stimuli by 
integrating sensory information, learning and motivational state. This study takes a 
neuroethological approach in investigating how the predatory sea-slug Pleurobranchaea 
californica makes behavioral choices.  
Pleurobranchaea is a predatory generalist that surveys its environment for potential 
prey in a trial-and-error fashion. When encountering the Nudibranch Flabellina iodinea 
and its noxious defense mechanism, the predator quickly learns to avoid the prey and 
retains the aversive association for up to 72 hours post-training. The conditioning 
paradigm is highly specific and does not affect the internal state of the animal.  Feeding 
thresholds for the appetitive stimulus betaine are not significantly changed, and it 
continues to attack a related prey species, Hermissenda crassicornis. This prey avoidance 
paradigm resembles a situation the predators may face in their natural environments, and 
it shows how they may make appropriate decisions when choosing suitable prey.  
 After prey avoidance conditioning, feeding on Flabellina is suppressed in trained 
animals. The activity of identified feeding command neurons (PCP), necessary and 
sufficient to activate feeding, was examined in whole animal preparations of conditioned 
and control animals to assay for neural correlates of conditioning. Suppression of PCP 
activity was consistent in all preparations during presentation of either Flabellina or 
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Hermissenda, but not during presentation of strong appetitive stimuli such as betaine or 
squid homogenate. This is not consistent with the results observed in intact animals and 
in previous food aversion paradigms where suppression of feeding was only present in 
trained animals during presentation of the conditioned stimuli (Davis and Gillette 1978; 
Davis et al. 1980; Mpitsos and Cohan 1986c). This suggests another source of inhibition, 
possibly a pain induced effect of surgery. Whole animal preparations exhibited increased 
feeding thresholds, consistent with a general suppression of feeding. Additionally, pain or 
distress caused by surgery may cause animals to enter a defensive protective state 
conserving energy and avoiding contact with natural prey. These results suggest that 
injury-induced suppression of feeding masks the cellular correlates of prey avoidance 
learning. 
 In Pleurobranchaea, active feeding and avoidance turning are mutually exclusive 
behaviors. The decision to exhibit either behavior is made through integrating sensory 
stimuli and internal state. The neuronal elements mediating this decision were 
investigated in isolated nervous system preparations. I monitored components of the 
feeding network, the PCP command neurons and the presynaptic inhibitory interneurons 
(I2s), during stimulation of the Large Oral Veil Nerve (LOVN) to induce withdrawal and 
fictive avoidance turning. PCP and I2 activity was inhibited during the withdrawal period 
(first 5-10 sec post-stimulation) and persisted well into the fictive avoidance turn (the 
following 30-40 sec). The inhibition of PCP s and I2s was coincident and thus resembled 
effects of suppression of feeding during the escape swim. It basically differed from 
learned food avoidance, in which I2s were tonically active during tonic inhibition of PCPs. 
Members of the swim network were surveyed to determine the source of inhibition. One 
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swim output neuron, Aci-1, that was previously found to strongly inhibit PCP s and I2s 
via activation of the interneuron I1 during the swim episode, was shown to be similarly 
activated in a tonic fashion during withdrawal and the avoidance turn.  These results thus 
provide a neuronal correlate to suppression of feeding during avoidance turning. 
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CHAPTER I 
OVERVIEW 
Animals are constantly flooded with sensory stimuli in their natural environments. 
Due to this they need to decide on an appropriate way to handle countless stimulation. 
Although many behaviors are essential for animal survival, behavioral choices can be 
reduced to foraging and obtaining essential nutrients while constantly avoiding harm or 
predation. This reduction prioritizes certain behaviors over others because animals 
usually only express one behavior at a time, creating a hierarchy. The fact that certain 
behaviors dominate others suggests that competing neural networks underlying these 
behaviors inhibit others once a decision has been made (Tinbergen 1951). Interest in 
analysis of competing behaviors and their corresponding neural networks has increased 
significantly, specifically in invertebrate model systems. The major goal of this thesis is 
to elucidate neural correlates of behavioral choice and behavioral switching in competing 
networks. 
Invertebrate model systems are ideal for investigations on behavioral choice and 
corresponding neural networks, due to their overt behaviors and their accessible nervous 
systems. Such is the case of Pleurobranchaea californica, a predatory, carnivorous sea-
slug. The animal exhibits a rich repertoire of behaviors much like any higher order 
animal model (Davis and Mpitsos 1971). Its protective measures range from moderate 
avoidance turns to explosive escape swimming that is used to travel far away from 
predators or strong noxious stimuli. As a voracious predator, Pleurobranchaea’s feeding 
behavior is complex and has a high rank in the behavioral hierarchy (Davis 1974a). Other 
essential survival behaviors include mating, righting and egg-laying (Davis 1974b; Davis 
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and Mpitsos 1971). Previous research in Pleurobranchaea has not only established a 
clear behavioral hierarchy but is constantly revealing additional interactions between 
behaviors that elucidate how animals make cost-benefit decisions. 
1.1 BEHAVIORAL HIERARCHY, GENERAL POSITION OF FEEDING 
Acquiring essential nutrients is elemental for the survival of any animal, which is 
why feeding, is usually high on any animal’s agenda. Although feeding is a high priority 
in many species, the degree to which it is prioritized can vary. In herbivores such as 
Aplysia, feeding can occur with mating and other behaviors, moreover, stimuli that 
induce sexual activity in Aplysia also activate feeding behavior (Botzer et al. 1991; Ziv et 
al. 1991). In Helix, another herbivore, mating seems to be dominant over feeding (Adamo 
and Chase 1991). In carnivores, however, feeding takes a more dominant place in the 
behavioral hierarchy. In Hermissenda (Ram et al. 1988), feeding takes precedence over 
withdrawal and rolling-over; while in Clione feeding inhibits escape swimming and 
withdrawal (Norekian and Satterlie 1996). An extreme feeding preference is shown in the 
medicinal leech, Hirudo medicinalis. Once an animal has attached to a food source, 
strong noxious stimuli that usually causes escape swimming in freely behaving animals, 
is inhibited and reduced to body undulations (Misell et al. 1998). This is partly due to the 
fact that leeches can go for extended periods of time between feedings so when the 
opportunity rises this behavior suppresses everything else (Misell et al. 1998). 
Pleurobranchaea is a voracious, carnivorous and opportunistic predator; therefore 
when animals are hungry feeding establishes a high position in the behavioral hierarchy. 
Feeding is considered a dynamic, proactive behavior to obtain beneficial nutrients for the 
animal, while avoidance behaviors are considered preventative and defensive to avoid 
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harm and predation; both essential for survival. Since escape swimming is a more 
immediate form of survival it takes precedence over feeding (Davis and Mpitsos 1971; 
Jing and Gillette 1995). More moderate protective behaviors such as withdrawal and 
avoidance turning were initially thought to be inhibited by feeding (Kovac 1980a), but 
further investigations reveal that these behaviors are exclusive of each other in a 
reciprocal inhibitory fashion more than a unilateral suppression (Gillette et al. 2000; 
Kovac 1980b).  
Conditioning Pleurobranchaea to avoid certain food results in a behavioral 
switch, yet only animals with the appropriate motivation to feed will exhibit this 
behavioral shift. This suggests that hunger and satiety states not only influence learning 
but ultimately toggle the behavioral switch between feeding and avoidance (Gillette et al. 
2000). The neurotransmitter serotonin seems to play an essential part in the internal state 
of the animal. Satiating animals causes a significant reduction in concentration of 5-HT, a 
serotonin precursor, in the metacerebral giant cells (MCGs) that modulate feeding 
activity (Hatcher et al. 2008).  
1.2 NEURAL CIRCUITRY OF THE FEEDING NETWORK IN 
PLEUROBRANCHAEA 
The feeding central pattern generator in Pleurobranchaea consists of command 
neurons and interneurons in the cerebropleural ganglia that receive direct sensory 
information from the mechanosensory oral veil (London and Gillette 1984) and 
postsynaptic motoneurons in the buccal ganglia that ultimately control radular and mouth 
movements (Davis 1974). 
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The feeding command neurons, the paracerebral neurons (PCNs), are excited by 
food and, once activated, their activity is phase-locked with biting movements (Gillette et 
al. 1978, 1982). Hyperpolarizing these neurons may weaken feeding but does not 
interrupt it completely suggesting they are sufficient but not necessary for initiation of 
feeding, playing more of a feeding control role (Gillette et al. 1982). These cells have 
been divided into two major groups, the phasic PCNs (PCPs) and the tonic PCNs (PCTs) 
for their firing pattern and their involvement in feeding (Kovac et al. 1982). PCTs are 
smaller in size and although they are recruited during feeding they show no powerful 
inhibition bouts like the PCP neurons exhibit during the egestion phase of feeding (Kovac 
et al. 1982). The source of inhibition comes from a small presynaptic network composed 
of three distinct interneurons: the I1s, I2s, and I3s (London and Gillette 1984). I1s 
monosynaptically inhibit the PCPs and are driven directly by I2s, which are important 
players in this inhibitory network (London and Gillette 1984). Not only do they excite 
I1s, they also excite ipsilateral MCGs that modulate feeding (Gillette and Davis 1977), 
and appear to receive direct chemosensory information from the oral veil, while PCPs do 
not (London and Gillette 1984). These characteristics suggest I2s as crucial contributors 
in establishing rhythmic activity during feeding and in network modifications prompted 
by avoidance learning (London and Gillette 1984). 
1.2.1 Modifications due to experience 
The nature of Pleurobranchaea is carnivorous and animals exploit a variety of 
prey. This generalist approach opens a variety of aversive conditioning paradigms that 
otherwise cannot be tested in specialist species. In the past, Pleurobranchaea has been 
trained to avoid a variety of food stimuli, including squid homogenate (SH), sea-anemone 
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homogenate, and beer extract when paired with a noxious electrical stimulus (Davis et al. 
1980; Mpitsos and Cohan 1986c). These studies demonstrated ability of 
Pleurobranchaea to discriminate odors, providing a behavioral basis for neural correlate 
investigation. Whole animal and hemi-animal preparations of squid-shock conditioned 
animals revealed that PCP activity, usually excited during food stimulation, was inhibited 
during presentation of the conditioned odor (Davis and Gillette 1978). Furthermore, the 
presynaptic inhibitory pathway, that is also excited with food stimuli, showed enhanced 
activity in conditioned animals when presented with SH (London and Gillette 1986). 
Specifically, the I2s showed a hyper-excitability during SH presentation sustaining the 
feeding network in the retraction phase eliminating initiation of feeding (London and 
Gillette 1986). This tonic excitability seems to be driven in part by the chemosensory oral 
veil and peripheral nervous system (London and Gillette 1986). Although expression of 
feeding behavior can be manipulated through avoidance learning, it is also altered 
through expression of competing behaviors naturally occurring in the animal. 
1.2.2 Suppression of feeding during swimming, the swimming network 
As mentioned previously, escape swimming in Pleurobranchaea takes 
precedence over all other behaviors including feeding (Davis and Mpitsos 1971; Jing and 
Gillette 1995). Exploring the underlying circuitry of both swimming and feeding revealed 
how the mutual exclusiveness of these two behaviors is established. Seven elements of 
the swimming network were described, with the cells A1/A10 and As1-4 mediating the 
dorsal flexion while A3 and IVS mediate the ventral flexion phase of the swim (Jing and 
Gillette 1999). Initiation of swim patterns seems to be driven by excitation of A10 and 
due to its strong electric coupling to A1, both cells are considered necessary for pattern 
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generation (Jing and Gillette 1999). Aci-1 is a swim motor output neuron that is not a part 
of the swim CPG but is excited once swimming is initiated (Jing and Gillette 2000). Four 
neurons of the swim network directly inhibit elements of the feeding network: A1, A10, 
Aci-1, and A3 (Jing and Gillette 2000). Unlike feeding suppression in squid-shock 
conditioned animals where I2s show enhanced excitation (London and Gillette 1986), 
swim mediated suppression of feeding is driven through inhibition of both PCP and I2 via 
excitation of I1 cells (Jing and Gillette 2000). Both learning and swimming change 
feeding in the animal through the same presynaptic inhibitory network, but through 
different synaptic actions.  
1.2.3 Suppression of feeding during withdrawal 
Suppression of feeding by escape swimming is unidirectional, meaning that 
although feeding is high on the behavioral hierarchy it has no reciprocal inhibition on 
swimming (Davis 1974a, 1974b). Head withdrawal is an initial aversive behavior in 
Pleurobranchaea when the animal encounters noxious tactile or chemical stimuli on the 
oral veil. The extent of head withdrawal is decreased when animals are feeding, yet active 
feeding animals show decreased feeding activity when encountering a strong tactile 
stimuli (Kovac 1980b). Corollary discharge (CD) neurons in the buccal ganglia express 
cyclic feeding motor output and send these signals back into the cerebropleural ganglia, 
therefore participating in the motor control of feeding (Davis et al. 1973). Fictive 
withdrawal is caused by stimulation of the Large Oral Veil Nerve (LOVN) and monitored 
through recordings of the Small Oral Veil Nerve (SOVN) (Kovac 1980a). After initiation 
of a fictive withdrawal, activation of one of the CD neurons significantly decreases the 
activity in the SOVN suggesting a decrease in withdrawal amplitude (Kovac 1980a). 
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After initiation of fictive feeding, stimulation of the LOVN decreases feeding burst 
activity interrupting active feeding (Kovac 1980b). Driving fictive behaviors in reduced 
nervous system preparations provided a neural correlate to the reciprocal inhibition 
between these two behaviors. Head withdrawal is the initial protective reaction to 
noxious stimuli; subsequently the animal performs an avoidance turn to further evade 
harm. The same LOVN stimulation that initiates fictive withdrawal in isolated nervous 
system preparations was utilized to study the neuronal networks of avoidance turning 
(Jing and Gillette 2003; Kovac 1980a). 
1.3 THE AVOIDANCE TURN NETWORK 
Avoidance turns can last from seconds to minutes upon stimulation and substitute 
orienting turns toward food in food-avoidance conditioned and satiated animals (Jing and 
Gillette 2003). The angle and orientation of turns are geared through central control and 
are dictated through activity in the A4 and components of the swim network As1-4 (Jing 
and Gillette 2003). A4 is recruited by the swim CPG but has no essential role in swim 
motor output and the increase in its activity during swimming is not significant. During 
avoidance turning however its activity increases significantly and hyperpolarization of 
A4 during the turn eliminates the behavior altogether (Jing and Gillette 2003). Activity of 
A4 during avoidance turns coincides with enhanced activity in the contralateral pedal 
nerve, suggesting coordination of directionality of the turn (Jing and Gillette 2003). The 
serotonergic As1-4 neurons play a role in sustaining the enhanced activity of A4 during 
turning while maintaining the directionality; driving members of this cluster enhance 
ipsilateral pedal nerve activity and contralateral A4 activity (Jing and Gillette 2003). 
These results show how multifunctional networks involved in different behaviors depend 
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on strength of stimulation to determine behavioral output. Avoidance turning can 
eventually turn into escape swimming if stimuli strength increases. Animals perform 
orienting turns to direct themselves towards appetitive stimuli and sometimes turning and 
feeding occur simultaneously. The inverse occurs with feeding and avoidance turning, 
possibly due to the nature of the behaviors: one defensive and the other protective. Neural 
correlates for the interactions between avoidance turning and feeding have yet to be 
described. 
1.4 PURPOSE 
The purpose of this thesis is to expand on previous studies regarding decision in 
Pleurobranchaea. I utilized the top-down approach commonly used in neuroethological 
studies, beginning with a stereotypical yet novel behavioral paradigm and ending with a 
new insight on the interactions between two opposing behaviors: feeding and avoidance 
turning. I primarily focused on the feeding behavior due to its importance in 
Pleurobranchaea, and expanded the analysis of the underlying neural circuitry providing 
new insights on changes in feeding due to learning and interactions with avoidance 
turning. 
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CHAPTER II 
SPECIFIC PREY AVOIDANCE LEARNING IN PLEUROBRANCHAEA 
CALIFORNICA 
2.1 ABSTRACT 
Predator-prey interactions involving aposematic signaling provide instances of the 
clearest expression of cost-benefit decision in foraging animals.  However, knowledge of 
the specificity of predator learning and the conditions where it occurs is lacking for those 
foragers simplest in brain and body plan.  I pursued the question in the marine slug 
Pleurobranchaea, a large and simplified generalist forager exploiting many different 
types of prey, some of which are well-defended and thereby costly to attack. The sea-slug 
rapidly learned to avoid the aeolid nudibranch Flabellina iodinea following experience in 
which biting attack was followed by rapid rejection and avoidance behavior.  Exceptions 
were animals with extremely low and high feeding thresholds that consumed Flabellina 
or ignored it, respectively. Experienced slugs showed strong avoidance of Flabellina 
days following exposure. Aposematic odor learning was highly specific.  Feeding 
thresholds to the general appetent betaine did not change significantly, and trained 
animals readily attacked and consumed a related aeolid, Hermissenda crassicornis. 
Animals could also be trained to avoid Flabellina applied to a specific side of the 
chemotactile oral veil, when electric shock was contingent on an orienting attack. Such 
trained animals continued to attack Flabellina applied to the naïve side and attacked 
Hermissenda on either side.  Aposematic learning in this predator could be related within 
a computational framework for cost-benefit decision in which effects of memory, 
motivation and odor summed in appetitive state to direct behavioral choice. 
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2.2 INTRODUCTION 
Aposematism is one of the most conspicuous predator-prey interactions with 
many implications for the different kinds of trade-offs made by both sides in terms of 
behavioral economics.  For aposematic prey, maintenance of conspicuous coloration or 
odor in tandem with noxious defense is costly in terms of energetics.  For generalist 
predators exploiting a broad spectrum of prey in which aposematic species may occur, 
there may be constant decisions on changing prey availability and prey (Davies and 
Krebs 1979).  They may attack and pursue novel prey to learn preferences and aversions 
through trial-and-error, an approach that under some circumstances may be time 
consuming and inefficient, but may be otherwise adaptive for exploiting changing 
environments (Laverty and Plowright 1988).  In particular, for an experienced predator, 
the costs of attacking and consuming prey known to be well defended must be calculated 
against its own nutritional state and weighed against the availability of safer prey.  These 
calculations are well documented in predator species of higher animals with larger brains, 
such as vertebrates.  However, generalist predators of species with very simple nervous 
systems and behavioral repertories remain for the most part to be examined. 
I undertook to examine aposematic learning in the marine opistobranch 
Pleurobranchaea californica.  The interest followed an accidental observation of rapid 
attack and rejection of the colorful Spanish shawl Nudibranch, Flabellina iodinea, and 
refusal to attack again by the normally voracious and opportunistic predator.  
Pleurobranchaea has a highly simplified nervous system, body form and behavioral 
repertory typical of many Nudipleura, and has been well studied in the laboratory for 
aspects of behavioral choice.  It was of appreciable interest to see whether the predator 
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could optimize its foraging strategy with odor recognition and retention of estimated prey 
value by testing for ability to learn selective avoidance of a noxious prey species, and 
under what conditions it might do so.   
Food avoidance learning in Pleurobranchaea was previously shown in a classical 
conditioning paradigm where squid homogenate, an appetitive stimulus, was contingently 
paired with electric shock on expression of feeding behavior (Mpitsos and Collins 1975). 
Moreover, animals were capable of discriminating among different odorants including 
squid homogenate, sea anemone homogenate and extract of beer (Davis et al. 1980; 
Mpitsos and Cohan 1986c, 1986d). Thus, Pleurobranchaea might be expected to be able 
to learn positive and negative values for specific odors of actual prey.  If so, the 
demonstrations would provide insight into the animal’s predatory lifestyle.   
 Many specimens of Pleurobranchaea readily learned to avoid Flabellina. 
However, notable exceptions existed in individuals that were either extremely hungry or 
satiated. Prey avoidance learning was highly specific, independent of changes in feeding 
thresholds and endured through 72 hours.  Animals trained against Flabellina readily 
attacked and consumed the related aeolid nudibranch Hermissenda crassicornis.  The 
demonstration of markedly robust and specific odor learning, with notable exceptions, 
suggests a computational model for how stimulus valuation and risk are encoded in 
decision in the nervous system.   
2.3 MATERIALS AND METHODS 
2.3.1 Preconditioning procedures 
Flabellina iodinea were collected by SCUBA from pilings of the Fisherman’s 
Wharf in Monterey, CA, or obtained from Marinus, Inc., Santa Monica, CA, or Sea Life 
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Supply, Sand City, CA or Monterey Abalone, Inc.  This species ranges from the 
Galapagos Islands (Goslinger 1991) to Vancouver Island, British Columbia, Canada 
(Bernard 1970).  Flabellina inhabits the intertidal to approximately 40 m depth, and is a 
specialist feeder on the colonial hydroid Eudendrium ramosum (McDonald 1978). 
Specimens of Pleurobranchaea californica were obtained by trawl or trapping through 
Sea Life Supply, Sand City, CA and Monterey Abalone, Inc., Monterey, CA.  Both 
Pleurobranchaea and Flabellina were kept until use in artificial seawater at 12°C.   
Feeding thresholds for Pleurobranchaea were measured as previously (Davis and 
Mpitsos 1971; Gillette et al. 2000). Responses were observed for betaine solutions 
applied in 1.5 ml volumes to the oral veil with a hand-held Pasteur pipette over 10 
seconds in a series of ascending concentrations from 10-6 to 10-1 M. Feeding thresholds 
measured were those concentrations at which animals showed proboscis extension and 
biting. When specimens failed to respond to the highest concentration (10-1 M) the next 
highest value, 100, was assigned. Tests began with a control seawater application that was 
assigned a value of 10-7. This convention assigns conservative finite values to essentially 
infinitely high or low thresholds.  
2.4 CONDITIONING PARAMETERS 
2.4.1 Prey avoidance conditioning paradigm 
In training trials Pleurobranchaea were placed facing a specimen of Flabellina 
12-15 cm away in the training arena.  Upon release, animals locomoted forward to 
physically encounter Flabellina with the oral veil.  Latencies to bite were recorded either 
from first physical contact or when proboscis extension was first observed (sometimes up 
to 3 cm away), an indication of detection.  Trials were halted when Pleurobranchaea 
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actively avoided (turn and locomotion) or refrained from biting the prey for 90 seconds.  
If a Pleurobranchaea made an avoidance turn before touching Flabellina, the prey was 
moved against the predator’s oral veil, a strong stimulus that tended to provoke biting in 
earlier phases of training.  All animals were given 5 trials with 20 minute intertrial 
intervals.  If animals failed to reach criterion after 5 trials, additional trials were 
administered until criterion was attained.  In control observations, Flabellina was 
suspended in front of the oral veil and removed just before coming into contact with 
Pleurobranchaea, eliminating any physical contact between the two animals.  Feeding 
thresholds were retested 24 hours following a training session. 
In tests at 24 hours post-training, betaine feeding thresholds were taken to check 
for possible changes.  In tests for odor specificity at 20 minutes and 24 hours post-
training, animals were presented with Hermissenda crassicornis, a relative of Flabellina 
that is readily consumed by Pleurobranchaea.  Retention tests were done shortly 
thereafter where animals were presented with Flabellina.  If an animal failed to refrain 
from attacking, extra training sessions were carried out.  Only retention tests were carried 
out 72 hours post-training.  Feeding thresholds and latencies to bite are presented as 
medians and +/-IQR (Statistical analysis section below) and further analyzed with 
nonparametric methods with INSTAT software (Graphpad Software). 
2.4.2 Unilateral aversive conditioning paradigm 
Specificity of aversive training was further tested in sessions where animals were 
trained against Flabellina presented unilaterally to the oral veil, further controlling for 
handling and arousal effects.  Animals were placed in a shallow flow-through trough with 
constant water flow to wash out odors after delivery.  Flabellina was applied to an 
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individual lateral tentacle of either side of the oral veil.  On one side, chosen by coin toss, 
a biting attack was punished with shock from an electrode applied for 30 sec to the buccal 
cavity and mouth area of the extended proboscis (100 V, 20 Hz, 20 msec pulse duration). 
A minimum of 5 trials with one hour intervals was applied. 24 hours post training on one 
tentacle, Flabellina was applied to the contralateral tentacle. A biting attack in this case 
was rewarded with delivery of 1.5 ml of 10-1 M betaine over 10 seconds directly into the 
mouth of the extended proboscis of the animal. A minimum of five trials with one hour 
intervals was applied. Positive and negative reward training days were alternated.  
Latencies to bite were timed from application of Flabellina to when the animal 
extended its proboscis and the jaw opening of a bite was observed. If an animal refrained 
from biting within 90 seconds when presented with Flabellina on the negatively 
reinforced tentacle, the trial was ended. For those animals that failed to reach criterion 
after five trials, additional trials were applied. The number of positive reward trials was 
matched to the number of negative reward trials needed to reach criterion.  
The same post-conditioning tests were preformed in this paradigm. Odor 
specificity was tested by presentation of Hermissenda to each tentacle individually and 
latencies to bite were recorded. One retention trial and feeding thresholds and were 
measured 24 hours post-conditioning.   
2.4.3 Statistical analysis 
Due to the non-Gaussian distribution of the data all results were analyzed using 
non-parametric methods. Threshold data are presented as medians of averaged negative 
logarithms of the dilutions; thus, 10-1 is 1.0 and so on (Davis 1974a). Latencies are also 
presented as medians and errors are presented as interquartile range (+/- IQR). Data from 
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prey-avoidance training was compared using non-parametric ANOVA, Kruskal-Wallis 
test, and significance was established through Dunn’s multiple comparisons test (α = 
0.05). Wilcoxon ranked-sign test was utilized when comparing latencies to bite 
Flabellina or Hermissenda before and after training. All data (latencies and thresholds) 
from unilateral conditioning are presented as medians and +/- IQR and further analyzed 
through non-parametric ANOVA and Mann-Whitney U test due to the small number of 
data. 
Video of encounters between Pleurobranchaea and Flabellina was recorded at 
Stanford University’s Hopkins Marine Station in Pacific Grove, CA, and can be seen and 
downloaded from www.life.uiuc.edu/slugcity. 
2.5 RESULTS 
2.5.1 Pre-selection of experimental subjects 
In selecting subjects for prey avoidance training, two groups were found to be 
essentially incapable of participating.  In the first, animals with markedly lower feeding 
thresholds were found to bite and completely ingest Flabellina without rejecting it.  We 
assayed 5 such animals with averaged proboscis extension threshold of 6.2 (SEM 0.58) 
and bite thresholds of 5.0 (0.71).  More commonly we found many animals in the second 
group, with quite high thresholds at or above -1/0 for proboscis extension/bite.  These 
animals tended not to attack Flabellina and in many cases completely ignored it.  Thus, 
in selection of experimental subjects quite hungry and quite non-hungry animals were 
eliminated in threshold measures, and subjects were selected with bite thresholds of 10-4 - 
10-2 M, which is an intermediate range of readiness-to-feed (Gillette et al. 2000).   
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2.5.2 Latencies to bite increased with prey avoidance trials  
Forty-four animals, 10-30 cm in length, were used in aversive training trials 
against Flabellina. Close approach of a Pleurobranchaea resulted in mouth opening, 
proboscis extension and ballistic biting.  These behaviors sometimes began when the 
predator was 2-3 cm from Flabellina, and at latest upon oral veil contact.  A typical 
encounter is shown in Fig. 2-1.  All subjects bit the prey in the first presentation within 
25 seconds from either first proboscis extension or physical contact.  Seizure of 
Flabellina was always followed within 2-3 seconds by release and active rejection 
movements of the radula (Croll 1981), serving in some cases to visibly expel a few 
orange cerata lost by the nudibranch in the attack.  Within 5 seconds predators initiated a 
stereotypic avoidance turn (Gillette 1991; Jing and Gillette 2003), where the anterior part 
of the foot was lifted slightly off the substrate as the animal flexed right or left away from 
the stimulus, pivoting on its broadened posterior foot/tail region which remained attached 
to the substrate.  After a lateral flexion ranging from 30 to 250 degrees, the anterior foot 
region re-attached to the substrate, the tail region rotated and forward locomotion 
commenced.  During the aversive turn and subsequent locomotion some animals 
continued cyclic rejection movements with the buccal apparatus. Video of pre- and post-
training encounter is available at www.life.uiuc.edu/slugcity.  In control trials Flabellina 
were removed just following detection/orienting but prior to physical contact.  Significant 
differences between experimental and control groups were seen by Trial 4 and steadily 
increased through Trial 5 (Fig. 2-2).  
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Figure 2-1. Prey avoidance training in Pleurobranchaea californica.  
A naive animal will quickly approach and bite its prey, Flabellina iodinea (A-C). Soon 
after the physical contact the prey is egested (D). Upon future presentations, P. 
californica will turn away from the prey avoiding attacking it (E).  
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Figure 2-2. Latencies to bite for experimental animals increased markedly over controls 
with training. 
Control animals were exposed to Flabellina but not allowed to bite. Latencies are 
expressed in medians, error bars +/- IQR; non-parametric ANOVA p<0.0001; Kruskal-
Wallis statistic KW= 77.557. T4 experimental vs. T4 control ** p<0.01, T5 experimental 
vs. T5 control *** p<0.001.  Experimentals, N=28; Controls, N=16. 
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2.5.3 Increasing avoidance with trials 
 Retention of training was tested at 24 and 72 hours post-training. Latencies to bite 
remained significantly increased at 24 and 72 hours after the initial training session (Fig. 
2-3A; p<0.001; Kruskal-Wallis, Dunn’s).  Inversely, the number of trials to reach 
criterion 24 and 72 hours after training decreased significantly (Fig. 2-3B; p<0.001; 
Kruskal-Wallis, Dunn’s). 
Orienting turns were usually observed in the early stages of training, but as 
training advanced, these were replaced by active avoidance (Fig. 2-3C). On the first day 
of training 71% of animals actively avoided the prey by Trial 5 (Fig. 2-3C), with the 
remaining animals requiring 1-2 more training trials to reach criterion. On subsequent 
days all subjects actively avoided the prey by Trial 3 (Fig. 2-3C).   
2.5.4 Specificity of prey avoidance learning  
Feeding thresholds were taken 24 hours post-training to test whether internal state 
might have changed due to training or handling and so might account for the results.  
Betaine thresholds for proboscis extension and biting were grouped and compared (Fig. 
2-4A). Significant differences in thresholds before and after training for proboscis 
extension and biting were not observed (Kruskal-Wallis, Dunn’s). Thus, differences in 
readiness-to-feed could not account for acquired prey-avoidance behavior.  
  In tests of specificity of prey avoidance training, 18 of the 28 animals were 
presented with the aeolid nudibranch Hermissenda crassicornis 20 minutes after the final 
Flabellina trial.  In each case Pleurobranchaea oriented to Hermissenda, bit and readily 
devoured it (Fig. 2-4B). Additionally, in 11 instances Pleurobranchaea were tested with 
Hermissenda both before and after training against Flabellina (Fig. 2-4C).  The statistical  
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Figure 2-3. Retention of prey avoidance and active avoidance after training. 
A. Latencies from the first trial of each day increased monotonically.  Non-parametric 
ANOVA p<0.0001, KW= 34.937; 0-24h ***p<0.0001; 0-72h, ***p<0.0001. B. Median 
number of trials needed to reach criterion decreased. Non-parametric ANOVA p<0.0001, 
KW = 52.368; 0-24h ***p<0.0001; 0-72h, ***p<0.0001. Latencies and trials to criterion 
are expressed as medians, error bars +/- IQR. C. The percentage of animals actively 
avoiding Flabellina increased with trial number and over days of training.  Day 1, N=28; 
24 hours, N=23; 72 hours, N=12.   
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significance in differences in latencies to bite Hermissenda suggest slight handling 
effects during training (Fig. 2-4C; p<0.01, Wilcoxon signed-rank test). 
2.5.5 Unilateral training of the oral veil 
To control further for specificity of aversive training, 8 Pleurobranchaea were 
trained against Flabellina on only one lateral tentacle of the oral veil with contingent 
electrical shock. A turning attack elicited by Flabellina stimulation on the other side of 
the oral veil was rewarded with betaine application to the mouth of the extended 
proboscis (Methods). In this paradigm, electrical shock substituted for the noxious 
defense mechanism of Flabellina. These trials resulted in diverse reactions. Between the 
1st and 5th presentations of Flabellina to the negatively reinforced tentacle, some 
animals avoided and turned away, others neither avoided nor oriented, others oriented 
towards the prey, and finally others extended their proboscis but never bit.  All 8 animals 
reached the 90 second no-bite criterion within 5 trials.  On the 5th trial, 5 showed 
proboscis extension but no bite, 2 avoided completely and 1 oriented but showed no 
proboscis extension or bite.  Presentation of Flabellina to the positively rewarded tentacle 
always resulted in a bite.  Latencies to bite in Trial 5 showed significant differences 
between positively and negatively rewarded tentacles (Fig. 2-5A).  
Feeding thresholds before and after unilateral oral veil training showed no 
significant differences in proboscis extension but significant differences in biting, 
possibly due to handling (Fig. 2-5B; Mann-Whitney U test). 6 of the 8 conditioned 
animals reached avoidance criterion on the first trial 24 hours post-training, while, the 
remaining two needed additional trials to reach criterion (data not shown).  
 22 
 
Figure 2-4. Odor specificity of prey avoidance training.  
A. Feeding thresholds for the appetent betaine measured as median proboscis extension 
and bite, were not significantly different after training, Experimentals, N=28; Controls, 
N= 16, non-parametric ANOVA p<0.0001, KW=122.85.  B. In an odor specificity test 
after training a conditioned animal is shown actively avoiding Flabellina (A-C).  The 
same animal 20 minutes post training quickly attacked and ingested the related 
nudibranch Hermissenda crassicornis (arrows; D-F). The animal’s foot is raised as it 
crawls up the glass wall of the aquarium.  C. Median latencies to bite Flabellina changed 
significantly post-training, as were changes in median latencies to attack Hermissenda 
but to a lesser degree. Non-parametric ANOVA p<0.001; Wilcoxon signed-rank test 
Flabellina pre-training vs. Flabellina post-training (N=28), W=-435, ***p<0.001, 
Hermissenda pre-training vs. Hermissenda post-training (N=11), non-parametric 
ANOVA p<0.037, W=-41, *p<0.01. 
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Latencies to attack Hermissenda were not significantly different for positive and negative 
rewarded oral veil sides (Fig. 2-5D).  These results further suggest that aversive learning 
is highly specific to Flabellina odor. 
2.5.6 Failure to localize noxious stimuli to Flabellina’s cerata  
In a test of the role of Flabellina’s brightly colored cerata in the noxious defense 
of the animal, cerata were removed under Mg2+ anesthesia.  On presentation to naïve 
Pleurobranchaea, the cerata-less animals were still rejected in each of 4 cases, indicating 
that a noxious component remained in Flabellina’s mucus and/or skin. 
2.6 DISCUSSION 
 The principal observations in this work were four: 
• Pleurobranchaea learns through experience to suppress feeding and avoid the 
noxious aeolid nudibranch Flabellina. 
• The learned avoidance is relatively long-term, lasting at least 72 hours, at which 
time it still manifests strongly. 
• Learned avoidance is highly specific to the odor of Flabellina and is not due to 
reduced arousal levels or non-specific changes in feeding threshold. 
• Pleurobranchaea can be differentially and specifically trained to Flabellina on 
either side of the oral veil. 
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Figure 2-5. Unilateral conditioning of oral veil and odor specificity.  
A. Over 5 training trials where Flabellina stimulation of one tentacle was followed with 
shock contingent on a bite response, and the contralateral tentacle received a squirt of 
betaine for a bite, median latencies to bite increased significantly by Trial 5, T5 negative 
vs. T5 positive: p<0.05; Mann-Whitney U test, N=9. B. Betaine feeding thresholds before 
and after unilateral conditioning, Mann-Whitney U test, N=8.  C. Odor discrimination 
after unilateral conditioning. Animals trained to avoid Flabellina on one side (negative) 
and to bite on the other (positive) readily attacked Hermissenda on both sides. Flabellina 
negative vs. Flabellina positive, N=8, Hermissenda negative vs. Hermissenda positive, 
N=5, Mann-Whitney U test. 
 
 
 
 
 
 
 
 25 
2.6.1 Specific odor avoidance learning 
Rapid and long-term odor learning was shown in increasing latencies to bite and 
eventual replacement of feeding attack with avoidance on repeated exposure to 
Flabellina, and in retention of avoidance for 24 and 72 hour periods after training trials. 
 Three separate observations sustained the conclusion that learned avoidance of 
Flabellina was highly specific to the animal’s odor: 1) Animals trained to avoid 
Flabellina continued to attack the related aeolid nudibranch Hermissenda, 2) Feeding 
thresholds to the general appetitive stimulus betaine did not change significantly in 
trained vs. control animals, a potent internal control for possible changes in arousal level 
due to handling or passage of time, and 3) Pleurobranchaea could be specifically 
conditioned to avoid Flabellina on the side of the oral veil to which the odor was paired 
with a noxious electric shock.  In these unilateral conditioning experiments there were 
also negative results for changes in preference for Hermissenda. 
These results extend previous observations to more closely connect 
Pleurobranchaea’s learning abilities to their likely benefit in the natural environment.  In 
so doing, they also indicate how learning is integrated with sensation and internal state in 
foraging decisions, and they provide clues to the functional organization of odor learning 
in the animal’s nervous system.  Moreover, the behavioral results may be combined with 
present knowledge of neuroanatomy and physiology of the nervous system to derive 
general direction for future probing of the site and connectivity mediating odor learning. 
2.6.2 Aposematic learning in Pleurobranchaea 
Animals with noxious defenses like Flabellina enhance their protection from 
predation by educating predators to associate specific and prominent signals with the 
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elevated cost of an attack. Aposematism in odor signaling parallels visual warning 
coloration and patterns to enhance message distribution (Camazine 1985). The 
aposematic strategy is dependent on some animals suffering initial attempts at predation, 
the results of which are learned directly by the predator and deter further attack. Thus, for 
the predator it is beneficial to recognize potentially dangerous prey.  The present results 
indicate that Pleurobranchaea can evaluate potential prey in terms of past experience to 
assess risk and reward in its foraging strategies.  Previously, Pleurobranchaea was shown 
to be capable of odor discrimination learning in trials pairing electric shocks with extracts 
of squid, shrimp, sea-anemone or beer (Davis et al. 1980; Mpitsos and Cohan 1986c).  
The present very robust results indicate the natural role of odor learning in 
Pleurobranchaea for differentiating prey species of differing values.  
Field observations are consistent with the likely natural occurrence of aposematic 
learning in Pleurobranchaea.  Collecting trawls in 100 m depths in Monterey Bay in 
1993 (witnessed by RG and LL Moroz) brought up both Pleurobranchaea and the aeolid 
nudibranch Flabellina trilineata in the same nets, indicating cohabitation of these species 
at that time and place.  4 of 8 Pleurobranchaea tested on the boat showed marked 
avoidance to F. lineata, while the remaining specimens showed the bite/rejection 
behavior described here for F. iodinea.   
These observations agree with the conclusion that foraging Pleurobranchaea can 
assign values and make cost-benefit decisions through integrating sensation, internal state 
and memory into appetitive state (Gillette et al. 2000).  However, in pre-selection of 
individuals for this study we found two classes of animals unsuitable: those with 
markedly low feeding thresholds that were extremely ready to feed and tended to quickly 
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consume Flabellina without rejecting it, and those with high betaine thresholds that never 
showed appetitive behavior on the initial trial. These animals acted according to classic 
observations that there exist optimal arousal levels for performance and learning, on 
either side of which individuals may be either too highly aroused to perform the task or 
too lethargic to engage (Berlyne 1969; Hebb 1949; Yerkes 1908).  Similarly, the pond 
snail Limax deprived of food for five days failed to acquire long term memory for food 
preference in learning trials (Sahley et al. 1981).  
In terms of behavioral economics, animals in extreme hunger may benefit by 
overruling negative memories to acquire a badly needed, though well-defended, resource, 
and those that do not need the resource may not sufficiently value it or the risky 
opportunity to learn of it.  A simple computational model may capture the cost-benefit 
computation of approach-avoidance and risk assessment as seen in these experiments.  
Thus, effects of sensation, internal state (hunger) and memory of experience sum in the 
homeostatic neuronal network for feeding.  The excitation state of the feeding network 
thus represents appetitive state and its corollary output toggles the switch between 
approach and avoidance behavior (Gillette et al., 2000).   
2.6.3 Flabellina’s noxious chemical defense  
Like other aeolids, Flabellina has the ability to take up carotenoids from its 
coelenterate prey, accounting for its bright purple and orange coloration (McBeth 1972). 
They may also take up the nematocysts from the hydroid to store in the orange dorsal 
cerata to use in their own defense.  Both coloration and nematocysts work in evading 
predation by fish (Frick 2003; McBeth 1972). However, our observation that removal of 
the animal’s cerata did not remove the noxious nature of the animal could reinvite 
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investigation of the noxious defenses of aeolids like Flabellina.  Pleurobranchaea 
rejected such bald Flabellina following attack as rapidly as the intact ones. It has been 
thought that the noxious nature of such aeolids largely arose from their ability to store the 
toxic nematocysts of their prey in the cerata, where they could be used in their own 
defense.  The present observation suggests that the mucus and/or skin of Flabellina, not 
specifically from the cerata, may also contain a noxious factor(s) reinforcing that of the 
cerata, leaving the animal well defended indeed.   
2.6.4 The localization of odor memory 
The facility with which Pleurobranchaea could be trained to avoid Flabellina 
applied to a specific side of the oral veil is consistent with the expectation that odor 
learning and memory lies in the peripheral nervous system rather than in the CNS. 
Behavioral and electrophysiological observations both indicate that the chemotactile oral 
veil is divided at the midline into separate receptive fields (Yafremava et al. 2007). 
Innervations of the bilateral sensory nerves do not extend across the midline.  Our 
unpublished exertions to document specific odor signatures in patterns of the nerve 
responses have yielded no positive results, and we presently expect that odor memory 
processing may occur in the peripheral nervous system rather than the CNS.  Thus, future 
investigation may find that the information arriving in the CNS encodes the relative 
values of learned odor preferences and aversions, without the specific signatures of the 
odors themselves. 
 Previous studies of food-avoidance learning in Pleurobranchaea identified 
neurons at which plasticity was expressed in the central pattern generator of the feeding 
network, contributing to learned suppression of feeding.  These were manifested as a 
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tonic inhibition of identified feeding command neurons, neurons necessary and sufficient 
to initiate feeding themselves, by identified interneurons of the feeding network activated 
tonically by sensory inputs (Davis and Gillette 1978). Likely plastic changes in the 
feeding CPG were documented in excitable properties and synaptic strengths of identified 
interneurons (Kovac et al. 1986; London and Gillette 1986).  However, while changes in 
motor network CPG properties may accompany some learning properties in this and other 
molluscan systems (Straub et al. 2004), they cannot easily account for specific odor 
learning ability, which is most likely to reside within the peripheral sensory network.  
By comparative analogy, the primitive peripheral ganglia in the oral veil of 
Pleurobranchaea that integrate chemotactile inputs from primary receptors (Bicker et al. 
1982a; Bicker et al. 1982b; Moroz et al. 1997) are likely to encode odor memories. Odor 
learning in the terrestrial pulmonate snail Limax is manifested in the procerebral ganglion 
of the nervous system (Gelperin 1999; Kasai et al. 2006), a relatively new neural 
structure in evolution of the pulmonates from their likely opisthobranch ancestors.  The 
procerebral ganglion may be a separated part of the peripheral tentacular ganglion that 
retracted towards the CNS (Hanstrom 1925; Zs-Nagy and Sakharov 1970).  Thus, it may 
be predicted that specific inputs exist from the peripheral nervous system to the feeding 
and turn motor networks that encode the relative values of learned odor preferences and 
aversions, without the specific signatures of the odors themselves.  
These results support the ability of animals with markedly simple nervous 
systems to enhance cost-benefit evaluations in foraging based on the integration of 
sensation, internal state and memory of experience. Aposematic learning in 
Pleurobranchaea can be added to elaborate a neuronal network model for cost-benefit 
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decision earlier proposed to account for effects of hunger state on approach-avoidance 
(Gillette et al., 2000). The addition of specific odor avoidance learning confers to the 
model more complete ability for stimulus valuation and risk on the basis of hunger, taste, 
pain and memory. Recently even simple nematodes have been shown to be able to make 
behavioral choices for approach or avoidance through learning (Zhang et al. 2005). As 
the neuronal circuitry involved can be quite simple, the ability for aposematic learning 
may be widely spread. By the same token it is also likely that aposematic signal display 
can be widely distributed among the simplest organisms, including bacteria and 
unicellular algae. 
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CHAPTER III 
NEURAL ANALYSIS OF PREY AVOIDANCE LEARNING IN 
PLEUROBRANCHAEA 
3.1 ABSTRACT 
Seeking the basis of decisions based on learned avoidance of odors, we have 
characterized the nature of natural stimuli the predator rapidly learns to avoid after brief 
experience.  Pleurobranchaea avoids the aeolid nudibranch Flabellina iodinea after one-
several predatory attempts, in which ingestion is followed by rapid egestion and 
avoidance behavior.  Odor avoidance learning is highly specific; feeding thresholds to the 
appetent trimethylglycine (betaine) do not change and the predator continues to attack 
and consume the related aeolid Hermissenda crassicornis. 
Previous avoidance learning paradigms in Pleurobranchaea involved shocking 
animals after application of an appetitive substance (squid homogenate) (Davis et al. 
1983; London and Gillette 1986). Feeding command neurons, the paracerebral neurons 
(PCP), are necessary and sufficient to induce proboscis extension and biting (Gillette et 
al. 1982). Paracerebral neuron recordings in whole animal preparations of previously 
conditioned animals showed inhibition during presentation of the conditioned odor, while 
control and naive preparations showed diminished inhibition or excitation during squid 
homogenate presentation (Davis et al. 1983; London and Gillette 1986).  
Based on these results, we hypothesized similar activity of PCP in whole animal 
preparations of animals conditioned against Flabellina. Attempts to study the 
neurophysiology of specific odor avoidance learning in Pleurobranchaea have so far 
been frustrated by multiple factors. Identification of these factors is elucidating 1) more 
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complex-than-expected chemical defenses in the nudibranch species used for training, 
and 2) an apparent role of dissection trauma in reducing readiness-to-feed in whole 
animal and semi-intact preparations for electrophysiology, which disappears in the 
isolated CNS. 
3.2 INTRODUCTION 
Discovering underlying molecular and cellular correlates of learning and memory 
is an extremely vast, fundamental field that is increasingly expanding. The use of 
gastropod molluscs in this field is ever growing due to the diversity and flexibility of 
these preparations in both the behavioral repertoire and in the electrophysiological 
approach (Brembs et al. 2002; Brown 1997; Carew et al. 1981; Gelperin 1986; Gillette et 
al. 1978; Kemenes et al. 1997; Staras et al. 1998). Although many facets of learning have 
been thoroughly investigated, one aspect that seems to be lacking in the field is more 
natural interactions. Rather than using laboratory paradigms that create simulated 
circumstances, learning paradigms that reflect real-world decisions are more relevant to 
understanding animal behavior.  
Predator-prey interactions are based on a delicate equilibrium between how well 
prey can avoid predation and how effective predators are at foraging their environments. 
Noxious prey defense mechanisms are a highly effective way of survival. These 
mechanisms not only protect prey immediately, but also force predators to adapt creating 
aversive associations to harmful prey that prevent predation in the future. One example of 
this is illustrated in the interaction between the predatory sea-slug Pleurobranchaea 
californica and the colorful nudibranch, Flabellina iodinea. The prey releases 
nematocysts taken up from its diet when threatened. Naïve Pleurobranchaea orient and 
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attack the prey upon first presentations. These attacks diminish significantly upon further 
exposure to the noxious nematocyst discharge. These associations do not affect overall 
internal state of the predator because it readily attacks other appetitive stimuli such as 
betaine and other prey such as Hermissenda crassicornis (Chapter II). This behavioral 
paradigm reveals how predators survey their environment and increase their predation 
effectiveness.  
Neural correlates of learning have been previously described in Pleurobranchaea 
in squid-shock conditioned animals (Davis and Gillette 1978; London and Gillette 1986). 
These studies focused on the central feeding circuitry in Pleurobranchaea which is 
composed of three groups of cells, the paracerebral feeding command neurons (PCNs) 
and two presynaptic groups of inhibitory interneurons, the I2s and the I1s (London and 
Gillette 1984, 1986). Feeding command neurons, under normal circumstances, are 
excited when presented with appetitive stimuli driving feeding (Gillette et al. 1982). In 
food-shock conditioned animals, feeding command neuron activity is suppressed during 
presentation of the conditioned stimuli while showing no changes in control or naïve 
animals (Davis and Gillette 1978). This inhibition appears to come from an enhanced 
excitation to conditioned stimuli of the I1s and I2s which, in conjunction, effectively 
suppress feeding command neuron activity (London and Gillette 1986) and hence 
feeding. These results parallel the behavior observed in intact animals. 
Whole-animal preparations in molluscan specimens were first described in 
Tritonia diomedea (Willows et al. 1973) and are still widely used. In Pleurobranchaea, 
the whole animal approach has been utilized for many years because it allowed 
electrophysiological recordings to be acquired in a behaving animal. It yielded 
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constructive results when investigating corresponding neural circuitry involved in overt 
behaviors such as swimming (Jing and Gillette 1995), feeding (Gillette et al. 1982), and 
turning (Yafremava and Gillette 2011). Even whole animal preparations of previous 
aversive learning paradigms were successful in revealing the underlying basic neuronal 
correlates of learning (Davis and Gillette 1978; London and Gillette 1984). 
In this study, whole animal preparations of prey-avoidance conditioned animals 
were expected to redeem similar results to those of squid-shock conditioned animals. 
Instead, the data reveal a marked effect of surgery on feeding command neuron activity. 
Our results suggest pain from the incision not only induces suppression of feeding but 
also switches the animal’s behavior from an attack mode to a more defensive mode.  
3.3 MATERIALS AND METHODS 
Specimens of Pleurobranchaea californica were obtained by trawl or trapping 
through Sea Life Supply, Sand City, CA and Monterey Abalone, Inc., Monterey, CA. 
Flabellina iodinea were collected by SCUBA from pilings of the Fisherman’s Wharf in 
Monterey, CA, or obtained from Marinus, Inc., Santa Monica, CA, or Sea Life Supply, 
Sand City, CA or Monterey Abalone, Inc. Specimens of Hermissenda crassicornis were 
obtained by Sea Life Supply, Sand City, CA and Monterey Abalone, Inc., Monterey, CA. 
All specimens were maintained in artificial seawater at 12° C. 
3.3.1 Conditioning procedures 
Feeding thresholds for Pleurobranchaea were measured as previously described 
(Davis and Mpitsos 1971; Gillette et al. 2000). Responses were observed for betaine 
solutions applied in 1.5 ml volumes to the oral veil with a hand-held Pasteur pipette over 
10 seconds in a series of ascending concentrations from 10-6 to 10-1 M. Concentrations of 
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betaine that produced proboscis extension and biting were recorded. For this study 
subjects were selected with bite thresholds of 10-4 - 10-2 M, an intermediate range of 
feeding readiness (Gillette et al. 2000).  
3.3.2 Prey avoidance conditioning 
Conditioning paradigms were preformed as described previously (Chapter II). 
Hungry Pleurobranchaea were placed in a static seawater arena 10 cm away from 
Flabellina. Initially, as the predator approached the prey latencies to bite were recorded 
starting from when the two animals came into physical contact and ending when 
Pleurobranchaea bit. Trials were halted once the animal showed an avoidance turn or 
refrained from biting the prey for a 90 second criterion. In control observations, 
Pleurobranchaea were presented with a tethered Flabellina that came into physical 
contact with the oral veil and was removed before the animal could bite the prey.  
To determine odor specificity of the paradigm, trained and control animals were 
presented in the same arena with Hermissenda crassicornis, one hour after the last 
Flabellina trial was carried out. Latencies to bite and ingest Hermissenda were recorded. 
Feeding thresholds were measured for naïve animal preparations but no Flabellina or 
Hermissenda presentations were conducted. 
3.3.3 Bilateral aversive conditioning 
To investigate peripheral involvement in prey odor learning, Pleurobranchaea 
were presented with Flabellina on unilateral sides of the oral veil (Chapter II). Animals 
were placed in a shallow flow-through trough with constant water flow to wash out odors 
shortly after delivery. Flabellina was applied to an individual lateral tentacle of each side 
of the oral veil.  On one side, chosen by coin toss, a biting attack was punished with 
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shock from an electrode applied for 30 sec to the buccal cavity and mouth area of the 
extended proboscis (100 V, 20 Hz, 20 msec pulse duration). A minimum of 5 trials with 
one hour intervals were carried out.  24 hours post training Flabellina was applied to the 
contralateral tentacle. A biting attack in this case was rewarded with delivery of 1.5 ml of 
10-1 M betaine over 10 seconds directly into the mouth of the extended proboscis of the 
animal. A minimum of 5 trials with one hour intervals were carried out. Positive and 
negative reward training days were alternated.  
Latencies to bite Flabellina were recorded. Criterion was reached when animals 
ceased to bite Flabellina when presented on the negative reward (shock) tentacle for 90 
seconds. Odor specificity was preformed by presenting Hermissenda crassicornis one 
hour after training at the end of each training day. Latencies to bite this prey were 
recorded.  
Retention data was measured 24 hours post training for both paradigms. 
Flabellina was presented and latencies to bite were recorded. If the animal bit the prey 
before the 90 sec criterion, additional training trials were applied until criterion was 
reached in the case of prey avoidance conditioning. Feeding thresholds and Hermissenda 
presentations were also carried out 24 hours post training. 
3.3.4 Squid shock conditioning  
In an attempt to compare results of previous conditioning paradigms to the results 
presented in this paper, four animals were trained to avoid squid homogenate as described 
previously (Davis and Gillette 1978; Davis et al. 1983; Davis et al. 1980; London and 
Gillette 1986). Serial dilutions of a homogenate of squid were prepared (SH, squid: 
seawater, 1:1, wt:wt) and applied to hungry, naïve animals to determine the 
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concentrations where animals prompted a proboscis extension and bite. Animals in the 
experimental group were presented with the highest concentration of SH to the oral veil. 
Upon a proboscis extension or bite the animal received an electric shock (100 V, 20 Hz, 
20 msec pulse duration) delivered to the extended mouth until the animal retracted (~1 
min). A minimum of 10 trials were administered with 1 hour intervals. 24 hours post 
training, SH feeding thresholds were measured and animals were prepared for whole 
animal procedures. 
3.4 ELECTROPHYSIOLOGICAL ANALYSIS 
Only conditioned animals that reached criterion and continued to attack 
Hermissenda 24 hours post-training were used for whole animal preparations; control 
animals consistently attacked both Flabellina and Hermissenda 24 hours post exposure to 
the prey. Naïve animals had intermediate feeding thresholds but had no exposure to 
Flabellina or Hermissenda.  
Animals were prepared one hour after the last retention trial or feeding threshold 
measurement, in the case of naïve animals. Whole animal preparations were made for 
intracellular recordings as described previously (Gillette and Davis 1977). All dissections 
were preformed under cold anesthesia (4° C). The cerebropleural ganglion was exposed 
through a 2 cm incision and pinned to a wax covered micromanipulated platform. 
Animals were supported and partially restrained by hooks for stable recordings but were 
capable of a variable degree of movement, such as vigorous swimming or feeding (Jing 
and Gillette 1995). The preparation chamber was constantly perfused with fresh seawater 
(12-14° C).  
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Four naïve animals were prepared for intracellular recordings as ‘hemi-animal’ 
preparations. These preparations consisted of the central nervous system (cerebropleural, 
buccal, and pedal ganglion) with anterior nerves attached to the oral veil. The oral veil 
and all ganglion were pinned to a Sylgard coated dish immersed in the same tank used for 
whole animal preparations to establish a constant flow of fresh seawater over the 
preparation.  
The outer sheath of the cerebropleural ganglion was removed mechanically and 
local application of trypsin crystals (Jing and Gillette 1995) softened the inner sheath for 
electrode penetration. After 8-10 minutes the crystals were flushed with ample amounts 
of fresh seawater. Glass microelectrodes (10-15 MΩ) filled with 3M KCl were used to 
penetrate the cells; gentle tapping of the micromanipulator allowed the electrodes to go 
through the inner sheath.  
Data were recorded through Powerlab and analyzed with Chart software 
(ADInstruments, Inc. Colorado Springs, CO). Phasic paracerebral neurons (PCps) were 
identified by their location on the anterior region of the cerebropleural ganglion, their 
spontaneous and prominent IPSPs and their ability to induce feeding movements in the 
animal (Gillette et al. 1978). 
3.4.1 Stimulus presentation 
Once an intracellular recording was established in whole animal and hemi-animal 
preparations a series of stimulations was presented to the oral veil. A 10 second control 
wash of fresh seawater was applied with a Pasteur pipette over the entire oral veil. A 
couple of minutes after the wash a tethered Flabellina or Hermissenda was applied to the 
entire oral veil in the case of prey avoidance trained animals and to individual tentacles in 
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the case of the bilateral aversive conditioned animals. After presentation the oral veil was 
washed once again with fresh seawater. Betaine (10-3-10-1M) was applied with a Pasteur 
pipette over the entire oral veil or to individual tentacles and washed profusely before 
further stimulus presentations. 
3.4.2 Analysis 
Change in spike frequency was determined by calculating the difference between 
the occurrence of spiking during stimulus delivery and the basal activity 10 seconds prior 
to presentation. Interspike intervals were also calculated 10 seconds before and during 
presentation to determine the change of activity in the cell. 
3.5 RESULTS 
The paracerebral (PCN) neurons have been extensively investigated and are 
command neurons in the feeding central pattern generator (Gillette et al. 1978; Kovac et 
al. 1982). This group of interneurons has been further divided into two types of 
paracerebral cells: the tonic (PCT) and the phasic (PCp). The latter will be the focus of 
this study due to its importance in initiating and maintaining cyclic feeding (Kovac et al. 
1982). Additionally, PCp neurons undergo strong inhibition during presentation of 
conditioned stimulus in squid-shock trained animals (Davis and Gillette 1978; London 
and Gillette 1986). The following data were collected from 12 prey avoidance 
conditioned, 3 control, and 7 naïve animals.  
3.6 PREY AVOIDANCE CONDITIONING 
3.6.1 Flabellina presentation 
32 presentations were preformed on conditioned animals and 28 on control/naive 
animals. PCp responses to exposure to Flabellina are summarized in Table 3-1. In 
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conditioned animals half of the stimulations resulted in a decrease in spike frequency, 
which is expected. A typical response of a PCp in conditioned animals during Flabellina 
presentation can be seen in Fig. 3-1 (top trace). Cell activity is suppressed during the 
presentation of the conditioned odor resulting in a decrease in spike generation as well as 
in membrane potential. In naïve animals more than half of the Flabellina presentations 
caused a strong suppression in PCp activity (Fig. 3-1, middle trace; Table 3-1). As 
mentioned before, naïve animals were never exposed to the odor of Flabellina prior to 
whole animal preparation. Upon first presentation of Flabellina during prey avoidance 
conditioning, naïve animals typically bit at 10 seconds (Chapter II), therefore in these 
types of preparations PCp activity was expected to increase, which is not what occurred. 
Control animals were exposed to Flabellina odor but not to the noxious defense 
mechanism; therefore, the prey was expected to be an appetitive stimulus for the 
predator. Nevertheless, suppression of PCp activity was typical in these preparations (Fig. 
3-1, bottom trace). Table 3-1 shows that more than 60% of PCp recordings in control 
animals showed an increase in spike frequency which is expected, but when the 
interspike intervals was averaged the difference is not significant (not shown). Therefore, 
even if there was an increase in spike frequency, the change was negligible.  
Non-spiking preparations were seen more frequently in experimental animals, I 
encountered only one in a naïve animal preparation. Fig. 3-2 demonstrates the typical 
response patterns for non-spiking preparations when exposed to Flabellina (N=1 for 
naïve, N=10 for conditioned). In experimental animals Flabellina presentation caused a 
hyperpolarization in PCp activity, while in naïve animals there was a slight depolarization  
and the appearance of EPSPs. Nevertheless, the depolarization was not strong enough to 
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Table 3.1. Spike frequency analysis for whole animal preparations in prey avoidance 
conditioned animals. There are no clear trends among the PCp activity data consistent 
with a pain-induced factor that masks learning. 
 
 
 
 
Stimulus 
 
Flabellina Hermissenda 
Increase 
Spike 
Frequenc
y 
 
Decrea
se 
Spike 
Freque
ncy 
No 
change  
Increase 
Spike 
Frequen
cy 
Decrease 
Spike 
Frequen
cy 
No 
change 
Control 
(N=8) 62.5% 25 % 
12.5
% 
Control 
(N=9) 
11.1
% 
77.8
% 
11.1
% 
Naïve 
(N=20) 35% 60 % 5% 
Naïve 
(N=17) 
11.8
% 
64.7
% 
23.5
% 
Trained 
(N=32) 31.3% 50 % 
18.8
% 
Trained 
(N=19) 
36.8
% 
36.8
% 
26.3
% 
Stimulus 
Betaine 10 -1 
 
Increase 
Spike 
Frequenc
y 
Decrease 
Spike 
Frequen
cy 
No spike 
change 
Control 
(N=4) 50% 25% 25% 
Naïve 
(N=12) 50% 
16.7
% 
33.3
% 
Trained 
(N=20) 35% 35% 30% 
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Figure 3-1. PCp activity during presentation of Flabellina.  
These recordings were performed in different animals and on different sides of the brain. 
In all the cases, there was significant inhibition in the PCP during presentation of the 
prey. Cropped action potentials are due to low digital sampling rate. 
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drive action potentials in the cell. This shows that presentation of Flabellina in non-
spiking preparations does not activate PCp spiking activity, regardless of the previous 
experience of the animal. 
3.6.2 Hermissenda presentations 
Hermissenda crassicornis was utilized as a novel prey related to Flabellina to test 
the odor specificity of the paradigm. Trained and control animals all ingested 
Hermissenda on the day of training as well as 24 hours after (Chapter II). In whole 
animal preparations Hermissenda was presented to the oral veil to determine PCp activity 
in response to novel odors. Fig. 3-3 summarizes typical responses of PCps to 
Hermissenda odor. As seen before with Flabellina, the innocuous prey also had an 
inhibitory effect on PCp activity, regardless of the experience the predator had been 
through previously.  Table 3-1 shows the spike frequency data summary for Hermissenda 
presentation. In control and naïve preparations PCp activity mainly decreased, while in 
experimental animals Hermissenda presentation caused both an increase and decrease in 
PCp spike generation. In non-spiking preparations (Fig. 3-4), both naïve and trained 
animals showed a mixture of inhibitory and excitatory responses. Latencies to bite 
Hermissenda increased after training, possibly due to the handling effect; nevertheless the 
prey was always ingested (Chapter II). Therefore, the PCp activity was inconsistent with 
the intact animal behavior data. 
3.6.3 Betaine presentation 
Betaine (trimethylglycine) is a strictly appetitive compound that has been used to 
measure feeding thresholds (Gillette et al. 2000). In this study it doubles as an additional 
appetitive substance to reveal behavioral and cellular responses to novel odors.  In both 
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Figure 3-2. Non-spiking activity in PCps during Flabellina presentation.  
These recordings were made in different animals and on different sides of the brain. In 
trained animals a slight hyperpolarization occurred during presentation, while in naïve 
animals PCps exhibited a depolarization and EPSPs during presentation. 
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Figure 3-3. PCp activity during presentation of Hermissenda.  
These recordings were performed in different animals and on different sides of the brain. 
In all the cases, there was significant suppression of normal activity during presentation 
of prey. Cropped action potentials are due to low digital sampling rate. 
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Figure 3-4. Non-spiking activity in PCps during Hermissenda presentation. 
These recordings were made in different animals and on different sides of the brain. In 
both trained and naïve animals activity in the PCps seemed to be suppressed or 
unchanged. 
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control and naïve animals there usually was an increase in spike frequency during the 
presentation of betaine on the oral veil (Fig. 3-5, middle and bottom traces). In trained 
animals, the change in spike frequency occurred after presentation but not during as seen 
in Fig. 3-5, top trace. Since spike frequency was only analyzed during stimuli 
presentation, data for trained animals showed no specific change in PCp activity (Table 3-
1), nevertheless PCp activity usually increased after betaine presentation. This was further 
noted in non-spiking preparations, with depolarizations in all preparations (Fig. 3-6). 
There was still some form of general inhibition in most presentations, probably due to 
elevated feeding thresholds. Although all the animals started with intermediate feeding 
thresholds (N=32; Fig. 3-11), once the surgical incision was made and the animals were 
placed in the chamber only one animal bit at high concentrations of betaine. This likely 
reflects a change in the motivational state of the animal to feed once it is placed in the 
chamber. 
3.6.4 PCp responses to bilateral conditioning 
After bilateral conditioning in intact animals no biting was recorded when 
presenting Flabellina to the negative reward tentacle. Appetitive responses, including 
biting, were recorded when Flabellina was presented on the betaine reward tentacle 
(Chapter II). PCp responses were the same as seen above; regardless of the reward when 
presenting Flabellina on any tentacle there was suppression of PCp activity (Fig. 3-7). 
Presentation of Hermissenda on either tentacle revealed the same effect, PCp activity was 
decreased. There were no clear trends through the data but the overall general inhibition 
of PCp persists in these animals as in the prey-avoidance trained animals. Betaine usually 
stimulated an increase in spike activity but further analysis showed no consistency  
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Figure 3-5. PCp activity during presentation of betaine (10-1).  
These recordings were performed in different animals and on cells from different sides of 
the brain. During presentation of a highly appetitive stimulus, PCp activity increased in 
all three preparations. Cropped action potentials are due to low digital sampling rate. 
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Figure 3-6. Non-spiking activity of PCps during application of high concentrations of 
betaine.  
Recordings were made in different animals on different sides of the brain. Betaine 
presentation usually stimulated depolarization in non-spiking PCps. 
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Fig 3-7 (cont. on next page) 
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Figure 3-7. PCp activity during various stimuli presentations in a bilateral conditioned 
animal.  
These recordings were performed on the same cell in the same animal. In the case of prey 
presentation there was consistent suppression of PCp activity, in the case of betaine there 
was less inhibition and more excitation. Cropped action potentials are due to low digital 
sampling rate. 
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Figure 3-8. Change in PCp activity during presentation of distinct odors in bilateral 
conditioning.  
There are no clear trends in the PCp activity when comparing negative and positive 
reward conditioning in the oral veil. There seemed to be a larger decrease in spike 
activity overall presentations on both sides of the oral veil, specifically there is a sharp 
decrease in spike activity when animals were presented with betaine on the positive 
reward tentacle. The number of presentations were different for each tentacle and for 
each presentation.  
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through preparations (.). 
3.7 HEMI-ANIMAL PREPARATIONS 
In an attempt to eliminate possible noxious sensory feedback from the body of 
 
Pleurobranchaea, four naïve animals were prepared as hemi-animals, only conserving 
the oral veil and central nervous system (London and Gillette 1984). Fig. 3-9 reveals PCp 
responses to stimuli in these experiments. The R3 buccal root nerve was recorded to 
monitor feeding output (Kovac et al. 1983a). Betaine was replaced with squid 
homogenate for feeding thresholds and presentations to the oral veil.  Presentation of SH 
significantly increased activity in both the PCp and in R3 (top trace), while Flabellina 
caused one action potential in the cell and no rhythmic bursting in R3 (bottom trace). 
These data seem to point out that even reducing the preparation for electrophysiological 
recordings does not eliminate the inhibitory effect of prey presentation on PCp activity. 
3.8 SQUID SHOCK CONDITIONING 
To establish comparisons between earlier learning paradigms, four animals were 
conditioned against squid homogenate (SH) as described previously (Davis and Gillette 
1978; Davis et al. 1983; Gillette et al. 1982; London and Gillette 1986; Mpitsos and 
Davis 1973). Animals were all conditioned to the highest concentration of squid 
homogenate. Fig. 3-10 summarizes these experiments. During increasing SH 
concentrations presentations to the oral veil of whole animal preparations there was a 
strong inhibitory effect on PCp activity, starting at 10-4 and slowly decreased while the 
concentrations increased. In all cases, there was strong hyperpolarization that lasted only 
during presentation, allowing rebound spiking (Fig. 3-10 C-D). The animals that were 
conditioned to avoid SH were never presented with Flabellina prior to whole animal 
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Figure 3-9. PCp and R3 buccal nerve activity during Flabellina and SH application in 
hemi-animal preparations.  
The recordings were preformed on two different naïve animals. During SH application, 
PCp and R3 activity increased. During Flabellina application, PCp activity stayed 
unchanged and R3 burst activity is interrupted. Cropped action potentials are due to low 
digital sampling rate. 
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preparation, nevertheless when the appetitive prey was presented to the oral veil the 
suppression of PCp activity greatly outlasted the inhibition caused by SH presentation 
(Fig. 3-10E). The noxious defense mechanism of Flabellina seemed to have a stronger 
effect on PCp activity than the appetitive aspect of the prey in these preparations. 
3.9 DISCUSSION 
Unlike previously described neural correlates of learning (Davis and Gillette 1978; 
London and Gillette 1986), there were incongruencies between the behavioral output in 
intact animals after training and the responses of feeding command neurons to prey 
presentation in this study. One possible source of variance was the preparations 
themselves; the intact animal had no alterations while the whole animal preparation has 
undergone a surgical incision. This incision leads to a great loss of fluid from the body 
cavity. Pleurobranchaea body volume is approximately 50% blood (Ram 1977) creating 
a strong hydrostatic pressure for body shape maintenance. Losing this pressure negatively 
affected the animal, causing a decrease in size and likely changes in metabolic and 
internal state. One specific effect observed in whole animal Pleurobranchaea 
preparations after surgical incision was an increase in feeding thresholds (Fig. 3-11). 
Intact animals readily bit at a concentration of 10-2 M betaine, while whole animal 
preparations lacked biting movements and were less responsive to betaine even at high 
concentrations. These results suggest that a surgical incision changed feeding motivation 
in Pleurobranchaea preparations. Incisions made in Navanax increase latencies to attack 
potential prey without abolishing feeding completely (Susswein and Bennett 1979), while 
tail-pinching in Aplysia also increase latencies to consume seaweed (Kupfermann 1981).  
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Figure 3-10. PCp activity during presentation of both squid homogenate and Flabellina in 
a squid-shock conditioned animal.  
These recordings were all performed in the same cell in the same conditioned animal. 
During squid homogenate presentations, suppression of PCp activity is short-lived. 
During presentation of a 'neutral' Flabellina suppression of PCp activity significantly 
outlasted SH inhibition. Cropped action potentials are due to low digital sampling rate. 
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Figure 3-11. Feeding thresholds of intact animals and whole animal preparations.  
Feeding thresholds change significantly once the animals have been subjected to a 
surgical incision and are hanging in the free-flow seawater chamber. Experimental N=26, 
Control/Naïve N=5. ** p<0.05, *** p<0.001, Dunn’s. 
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Pain-induced loss of appetite has also been observed in humans and is frequently 
associated with persistent pain, such as during migraine attacks (Malick et al. 2001). 
Generally speaking, ill-stricken animals across all phyla are lethargic and show reduced 
feeding and drinking behavior (Hart 1988).  
Another source of discrepancy between data is due to the nature of the 
conditioning stimulus, Flabellina iodinea. Initially, Flabellina was considered an ideal 
conditioning stimulus because it encompassed both noxious and appetitive aspects all at 
once. Naïve Pleurobranchaea initially detected the appetitive portion of the prey and 
quickly attacked. The more the predator is exposed to the noxious feature of Flabellina 
the former attacks turned into withdrawal behaviors. This behavioral switch output 
caused by detection of noxious defense mechanisms seemed to be exaggerated in, not 
only conditioned whole animal preparations, but in control/naïve preparations as well. 
One explanation could be that nearly all animals exhibit defensive behaviors when 
threatened or under noxious stimulations, including when experiencing pain (Walters 
1994). These defense behaviors could be withdrawal behaviors, escape, guarding 
responses, and recuperative actions (Walters 1994). Under whole animal preparation 
conditions, Pleurobranchaea possibly switched to a more conservative, self-protecting 
mode causing the noxious element of Flabellina to override the appetitive aspect of the 
prey, consequently triggering suppression of attacking/feeding. Hermissenda, being 
closely related to Flabellina, also carries a noxious defense mechanism in its cerata that 
is harmless to intact Pleurobranchaea. Yet when presented to whole animal preparations, 
PCp activity was consistently suppressed, which suggests the same situation as in 
Flabellina presentations. The pain induced from surgery caused animals to switch into a 
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withdrawal phase from an attack phase confirmed by overall inhibition in feeding 
command neurons when presented with Flabellina and Hermissenda.  
In contrast to natural prey, squid homogenate is a very strong appetitive stimulus 
(Mpitsos and Davis 1973). PCp recordings from whole animal preparations in squid-
shock conditioned animals showed inhibition only during SH presentation and cells 
seemed to recover quickly (Davis and Gillette 1978). On the contrary, suppression of PCp 
activity during Flabellina presentation in all animals greatly outlasted SH inhibition (Fig. 
3-10E). Assuming all whole animal preparations show elevated feeding thresholds due to 
surgery, the difference in PCp activity in both studies is solely based on the nature of the 
stimulus. Squid homogenate, being purely appetitive, showed suppression of PCp activity 
only in conditioned animals while Flabellina, having a mixture of noxious and appetitive 
stimuli, showed suppression of PCp activity in all animals due to the underlying pain-
induced state of the specimens. These results simultaneously show the potency of the 
appetitive element of SH and the noxious element in Flabellina. 
Intact Pleurobranchaea clearly learn to avoid noxious prey and to freely attack 
innocuous prey upon presentation (Chapter II). The neural correlates of this type of 
learning, typically monitored through whole animal preparations, were masked by a 
novel pain induced loss of appetite in combination with a potential defensive state of the 
animal. 
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CHAPTER IV 
NEURONAL ELEMENTS OF SWIMMING ARE INVOLVED IN AVOIDANCE 
TURNING AND SUPRESSION OF FEEDING 
4.1 ABSTRACT 
Feeding is suppressed during avoidance behaviors in Pleurobranchaea.  Head 
withdrawal and avoidance turns induced by noxious stimuli are accompanied by 
suppression of feeding behavior. Fictive motor outputs of both withdrawal and avoidance 
turns are conserved in the isolated CNS, and can be elicited by brief stimulation of the 
Large Oral Veil Nerve (LOVN) of the cerebropleural ganglion and recorded from the 
Lateral Body Wall Nerves (LBWNs) of the pedal ganglia.  I recorded from identified 
major interneurons of the feeding motor network, including feeding command neurons 
(PCPs) and the retraction phase Interneuron-2s (I2s).   
Unilateral LOVN stimulation induced fictive withdrawal and avoidance turning, 
shown in simultaneous transient bursts of spikes in LBWNs of both sides followed by 
long-lasting asymmetric activity.  LOVN stimulation induced transient inhibition lasting 
from 4 -40 s in both PCP feeding command neurons and the I2 neurons, corresponding to 
the withdrawal and avoidance turn phase.   
Simultaneous inhibition of PCP and I2 neurons resembles the strong feeding 
suppression caused by escape swimming (Jing and Gillette, 2000). This suggested a 
neuron involved in escape swimming could be responsible for feeding suppression during 
avoidance turning as well. The swim motor output neuron Aci-1was tonically activated 
during fictive avoidance turning providing sufficient inhibition to feeding command 
neurons to suppress feeding during this behavior. 
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4.2 INTRODUCTION 
Behavioral output depends not only on sensory inputs but also on the interactions 
between active competing neuronal networks. Contrary to thinking of instinct as basic 
reflexes, behavioral responses seem to have networks that are prepared to come into 
action, usually being released from inhibition (Tinbergen 1951). Motor networks for 
certain behaviors not only inhibit strategic neurons involved in competing behaviors but 
may also engage in more than one behavior. Multifunctional networks have been 
identified in both similar behaviors, such as swimming patterns in jellyfish (Mackie and 
Meech 1985) and types of siphon withdrawal in Aplysia (Frost and Kandel 1995); as well 
as in dissimilar behaviors such as swimming and crawling in Tritonia  (Popescu and Frost 
2002). 
 Pleurobranchaea californica is an excellent model for behavioral investigations 
for its rich repertoire of behaviors and accessible central nervous system, allowing neural 
analysis of decision-making. The hierarchy of Pleurobranchaea has been well studied 
and many interactions have been described, escape swimming being highest on the 
hierarchy due to its importance for the animals' survival (Davis and Mpitsos 1971). 
Expression of escape swimming suppresses activation of any other behavior including 
feeding (Davis and Mpitsos 1971). Elements of the swimming pattern generator are in the 
A cluster located in the cerebropleural ganglion and suppress feeding during swimming 
(Jing and Gillette 1995, 1999). Specifically, the electrically coupled critical swim 
elements A1 and A10 and the swim motor output neuron A-ci1 strongly inhibit feeding 
command neurons when activated (Jing and Gillette 2000). This elucidates a neural 
correlate for decision between two behaviors. 
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Avoidance turning much like escape swimming is a classic fixed-action pattern 
and used as a protective measure, but its expression is less explosive than swimming 
(Gillette et al. 2000; Jing and Gillette 2003). Also, like escape swimming, avoidance 
turning initially suppresses feeding (Gillette et al. 2000). Nevertheless the relationship 
seems to be more of reciprocal inhibition between feeding and avoidance turning, as 
active feeding can interrupt turns (Gillette et al. 2000). The turning network is also 
located in the A cluster of the cerebropleural ganglion dominated by the turning 
interneuron, A4 (Jing and Gillette 2003). The serotonergic neurons As1-4 are involved in 
both turning and swimming and seem to have modulatory effects of elements of the 
feeding network (Jing and Gillette 2000, 2003).  
Feeding is high on the hierarchy due to the predatory and carnivorous nature of 
the animal (Davis 1974a, 1974b). In freely behaving animals, active feeding can interrupt 
righting, avoidance turns, and can significantly diminish the amplitude of withdrawal 
(Davis and Mpitsos 1971; Davis et al. 1977; Kovac 1980b). The paracerebral neurons 
(PCps) command feeding behavior and are susceptible to modulation in order to suppress 
feeding in the animal (Gillette et al. 1982). Inhibition is delivered by activation of the 
presynaptic inhibitory interneuron I1, this hyperpolarization can be phasic which occurs 
naturally during rhythmic feeding (Gillette et al. 1982) or it can be tonic suppressing 
feeding completely much like what happens during escape swimming (Jing and Gillette 
2000). 
Due to overlapping neuronal components in the swimming and avoidance 
networks, neurons of the A cluster were examined to determine the source of suppression 
of feeding during avoidance turning. Although A-ci1 has been found previously to 
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suppress feeding command neurons during swimming (Jing and Gillette 2000), in this 
study we found that this neuron was recruited in the avoidance turn as well, presumably 
to serve the same purpose.  
4.3 MATERIALS AND METHODS 
Specimens of P.californica (200-1000ml) were obtained from Monterey Abalone 
Company (Monterey, CA) and from SeaLife Supply (Sand City, CA) and kept in 
circulating artificial seawater at 12° C until use. Animals were anesthetized by injection 
of 30-50% body volume of isotonic MgCl2 for dissection. The isolated central nervous 
(CNS) system was pinned to a Sylgard filled dish in saline (420 mM NaCl, 10 mM KCl, 
25 mM MgCl2, 25 mM MgSO4, 10 mM CaCl2, and 10 mM MOPS buffer at pH 7.5) at 
14° C. The CNS included the cerebropleural, pedal, and buccal ganglia. 
Intracellular and extracellular recordings were made with 3M KCl-filled glass 
micropipettes and polyethylene suction electrodes, respectively, as described previously 
(Davis et al. 1984; Jing and Gillette 1995). Data were recorded through Powerlab and 
analyzed with Chart software (ADInstruments, Inc. Colorado Springs, CO). 
4.3.1 Fictive avoidance turns 
In the isolated nervous system the fictive avoidance turn is initiated by electrical 
shock (2 ms duration, 3-4 mV, 15 Hz, for 3 sec) to the large oral veil nerve (LOVN) and 
is recorded from bilateral anterior pedal ganglion lateral body wall nerves (LBWN) (Jing 
and Gillette 2003). A fictive avoidance turn is manifested as significantly higher activity 
in contralateral to stimulation LBWN than the ipsilateral LBWN (Jing and Gillette 2003).  
4.3.2 Cell identification 
Neurons surveyed in the feeding and turning networks were all located in the 
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cerebropleural ganglion (Gillette et al. 1978, 1982; Jing and Gillette 2003; Kovac et al. 
1982). The paracerebral neurons (PCps) were identified by their positions, spontaneous 
and prominent IPSPs, and their capacity to drive feeding motor output (Gillette et al. 
1982). The interneurons 2 (I2s) were identified by their location and monitored through 
corresponding spikes in the cerebral-buccal connective (CBC) (London and Gillette 
1984). A-ci1 is a swimming motor output neuron and was identified by relative position 
and its ability to inhibit PCps when activated (Jing and Gillette 2003). 
4.4 RESULTS 
4.4.1 LOVN stimulation inhibits PCP activity 
Stimulation of LOVN produces fictive withdrawal motor output in isolated 
nervous system preparations (Jing and Gillette 2003). In 14 preparations, PCp activity 
was inhibited during the 2 sec stimulation of ipsilateral LOVN (Fig. 4-1A). This 
hyperpolarization persisted regardless of preceding neuronal activity and lasted for up to 
20-40 sec after the stimulation (Fig. 4-1A). After fictive withdrawal (first 5-10 after 
stimulation), fictive avoidance turning was initiated and detected in body wall nerves 
from the pedal ganglion (LBWN) (Jing and Gillette 2003). From the 14 preparations, 
LOVN stimulation drove six avoidance turns, one orienting turn, and equal activity in 
both nerves for the remaining experiments. Nevertheless, inhibition of PCp neurons was 
evident in all preparations. All of the preparations that showed avoidance turns also 
showed PCp inhibition for at least 20 sec lasting into the duration of a typical avoidance 
turn in the intact animal.  
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Figure 4-1. Inhibition of PCP activity by fictive withdrawal and avoidance turn.  
A. Fictive withdrawal and avoidance turning was initiated by short stimulation of LOVN. 
The initial 2-4 sec correspond to the withdrawal behavior in both the nerves and the cell. 
B. After normalizing nerve activity to its initial baseline it is evident that an avoidance 
turn is obtained due to prolonged enhanced activity in the contralateral nerve (lLBWN) to 
stimulation (rLOVN). 
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4.4.2 LOVN stimulation inhibits I2 activity 
Although the feeding command neurons ultimately determine initiation of 
feeding, there is an inhibitory presynaptic network that modulates command activity 
(London and Gillette 1984). The I2 neurons mediates PCp activity through phasic 
inhibition (Gillette et al. 1978). To determine effects of withdrawal and avoidance turning 
on other components of the feeding CPG, I2 neurons were surveyed during LOVN 
stimulation. In four preparations I2 neurons were inhibited during 2 sec stimulation of 
LOVN (Fig. 4-2A). This inhibition was detected when cells were firing at a 2-3 Hz rate 
as well as when the cells were quiescent (Fig. 4-2A). Additionally, the hyperpolarization 
outlasted stimulation and lasted well into the fictive avoidance turn (Fig. 4-2A; 10-30 
sec). Three of the four preparations showed fictive avoidance turn activity following 
LOVN stimulation (Fig. 4-2B), while one showed equal activity in both LBWNs. Early 
observations demonstrated that I2s were inhibited even with a single stimulation of the 
ipsilateral LOVN (0.5 sec). 
4.4.3 Aci-1 is activated during fictive avoidance turning 
Due to the coincident inhibition produced by LOVN stimulation on both PCps and 
I2s it was of interest to determine which cells could be involved in this general 
suppression of feeding. Simultaneous intracellular recordings of PCps with swim and turn 
neurons during LOVN stimulation were carried out to reveal the source of inhibition. 
Locations of all the cells are summarized in Fig. 4-3. Although several cells were 
surveyed none had direct effects on PCp activity during stimulation or consequent fictive 
avoidance turns.  
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Figure 4-2. Inhibition of I2 activity by fictive withdrawal and avoidance turn.  
A. Fictive withdrawal and avoidance turning was initiated by short stimulation of LOVN. 
The initial 2-4 sec correspond to the withdrawal behavior in both the nerves and the cell. 
B. After normalizing nerve activity to its initial baseline it is evident that an avoidance 
turn is obtained due to prolonged enhanced activity in the contralateral nerve (rLBWN) to 
stimulation (lLOVN). 
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Figure 4-3. Schematic depiction of location of cells in the cerebropleural ganglion.  
Diagrams taken from (Jing and Gillette 2000). 
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The swimming motor output neuron, A-ci1, has been shown to inhibit PCp 
activity during swimming (Jing and Gillette 2000), therefore the relationship between the 
two during avoidance turning was appealing. In twenty-one animal preparations, 
simultaneous recordings of A-ci1 and PCp were observed during LOVN stimulation. A 
typical response of A-ci1 and PCps is shown in Fig. 4-4. A-ci1 neurons are excited 
tonically after LOVN stimulation, not during, providing enough inhibition in PCp activity 
to suppress feeding during avoidance turning.  
There were two exceptions to this pattern; one was PCp excitation after 
stimulation and the other was a phasic firing pattern of A-ci1 neurons. In three animals, 
LOVN stimulation caused enhanced activity in PCps and in one case it initiated fictive 
feeding (Fig. 4-5). In this case feeding was revealed in the LBWNs as well, showing 
stereotypical rhythmicity rather than turning activity (Fig. 4-5B). This could be due to the 
nature of the stimulation. LOVN stimulation in isolated nervous systems mimic what 
should occur in intact animals when encountered with a noxious stimulus on the oral veil. 
Nevertheless, electric stimulations do not always necessarily encode for noxious 
stimulus, in some cases they could be interpreted as a strong appetitive stimuli resulting 
in a switch in the CNS from avoidance to feeding. In these few cases, PCp activity would 
increase after stimulation as reflected in Fig. 4-5. 
In two animals, A-ci1 activity was dominantly phasic. Each burst corresponded to 
bursts of IPSPs in PCp activity further identifying A-ci1 (Fig. 4-6C). These phasic A-ci1 
neurons were excited during LOVN stimulation and fired tonically during the initiation of 
an avoidance turn (Fig. 4-6A; 10-15 sec). In these cases, the nerves do not follow a 
phasic firing pattern but showed a clear avoidance turn (Fig 6B).  
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Figure 4-4. Role of A-ci1 in withdrawal and avoidance turning.  
A. Stimulation to the ipsilateral LOVN (rLOVN) revealed enhanced activity of A-ci1 
during the initial withdrawal phase and prolonged during the turn. Strong PCP inhibition 
correlates to highest activity of A-ci1. B. Normalized data reveal an avoidance turn 
during A-ci1 activity and PCP inhibition. 
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Figure 4-5. An example of PCP activation after iLOVN stimulation. 
A. LOVN stimulation in isolated nervous system preparations can activate phasic PCP 
activity resulting in fictive feeding (N=3 stimulations in two different animals). B. Both 
body wall nerves follow feeding resulting in rhythmic firing patterns. A-ci1 increases 
activity but not enough to overcome the feeding output. 
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Figure 4-6. Example of A-ci1 phasic firing pattern. 
A-B. In two different animals A-ci1 exhibits a phasic firing pattern but still fires tonically 
during the avoidance turn immediately after LOVN stimulation. C. Amplification of 
recording showing the inhibitory relationship between Aci-1 and PCP confirming 
identification of Aci-1. 
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A-ci1 is a swimming motor output neuron and not part of the swimming CPG, it 
fires rhythmically during the dorsal flexion phase of the swim (Jing and Gillette 2000). In 
this study we identified a tonic firing response of A-ci1 to LOVN stimulation, 
representing its involvement in the avoidance turn as well as in swimming.  
4.5 DISCUSSION 
An aspect of behavioral decision in Pleurobranchaea is organization of essential 
behaviors into a hierarchy. Decision emerges from the interactions of neuronal networks. 
These networks may be involved in similar and distinct behaviors the level of their 
activities will determine the motor output.  
 Feeding is central on the behavioral hierarchy of Pleurobranchaea. Nevertheless 
active feeding can be interrupted by hormonal induced egg-laying (Davis 1974b), 
swimming (Jing and Gillette 2000), withdrawal (Kovac 1980b), and avoidance turning 
(Figs. 6-1 and 6-2). Feeding in Pleurobranchaea occurs in a two-phase fashion, 
protraction and retraction of the proboscis and mouth. In feeding animals, I2s are 
activated during the retraction phase while PCps are activated during the protraction 
phase; I2 inhibits PCp activity during protraction through excitation of the inhibitory 
interneuron I1 (London and Gillette 1984).  
Suppression of feeding occurs when animals are trained to avoid food (Davis and 
Gillette 1978), when animals are satiated (Gillette et al. 2000), during swimming (Jing 
and Gillette 1995), or when animals are laying eggs (Davis 1974b). The inhibitory 
mechanism in all cases seems to be through excitation of I1 to hyperpolarize PCps 
(Gillette et al. 1978; London and Gillette 1984, 1986). In food-avoidance trained animals, 
I2 activity is tonically enhanced following the conditioned stimulus, providing constant 
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excitation to I1s and thereby constant inhibition to PCps (London and Gillette 1986). In 
contrast, during swimming withdrawal, and avoidance turning, I2 activity is inhibited in 
addition to PCp activity (Jing and Gillette 2000), suggesting I1s are receiving excitation 
from another source, such as the swim motor output neuron A-ci1 (Jing and Gillette 
2000).  
Elements in the swim CPG inhibit feeding command neurons either directly or 
indirectly, effectively suppress feeding during escape swims (Jing and Gillette 2000). 
During swimming activity, both A1 and A10, essential for maintenance of this behavior, 
activate A-ci1 that, in turn, inhibits both PCps and I2s (Jing and Gillette 2000). A-ci1 is 
rhythmically active during the dorsal flexion phase of the escape swim (Jing and Gillette 
2000), yet in this study A-ci1 is tonically active during the late phase of withdrawal and 
during avoidance turning (Fig. 4-7), showing multifunctionality in both networks.  
Swimming and turning share other common elements in Pleurobranchaea. 
Serotonergic cells As1-4 provide excitation in both behaviors; during swimming their 
input phase-locks A4, the turn command neuron, in a weak cycle pattern with swimming, 
preventing the tonic activity necessary to stimulate avoidance turning (Jing and Gillette 
2000). During the avoidance turn, however, A4 excites As1-4 cells, but to approximately 
only half of the activity these cells demonstrate during swimming (Jing and Gillette 
2003). Due to this subthreshold activation, As 1-4 cells are unable to activate swimming 
command neurons A10 and A1, preventing the animal to swim during an avoidance turn 
(Jing and Gillette 2000).  
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Figure 4-7. A-ci1 activity during swimming and avoidance turning. 
A. Stimulation of body wall nerve (LBWN) caused fictive swimming in the isolated 
nervous system of Pleurobranchaea and bursts of activity in A-ci1 (Part of Fig. 2 (Jing 
and Gillette 2000). B. Stimulation of LOVN caused high tonic activity in A-ci1. 
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A similar example of overlapping networks can be seen in the leech. Swimming 
and shortening are mutually exclusive behaviors; this exclusivity is achieved by 
utilization of the same motor elements (Shaw and Kristan 1997). Instead of inhibitory 
interactions, 75% of neurons involved in swimming are also excited during shortening 
simply at different firing rates (Kristan 2008). Specifically, dorsal extensor cells (DE) and 
ventral extensor cells (VE) fire in alternating bursts during swimming while during 
shortening they are coactivated and fire tonically (Shaw and Kristan 1997). By recruiting 
the same neurons shortening can lead into swimming, if necessary, yet both behaviors 
cannot occur at the same time.  
The concept of reconfiguration of multifunctional networks is documented in a 
variety of distinct preparations, from spinal interneuronal interactions in mammals 
(Jankowska 2001) to switching mechanisms in a diversity of invertebrate preparations. 
This study suggests that the swim motor output neuron, A-ci1, is involved not only in 
escape swimming (Jing and Gillette 2000) but also in avoidance turning, suppressing 
feeding neurons in both instances. 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 
This thesis examines an explicit learning paradigm from ethological observations to 
specific interactions between competing neural networks. Predator-prey interactions 
mostly focus on innovative anti-predation mechanisms created by prey, while predatory 
strategies have been slightly overlooked. The optimal foraging theory focuses on 
predatory strategies and suggests predators invest time and energy in foraging when the 
outcome of this behavior exceeds the initial energetic loss (MacArthur 1966). This limits 
predators to select prey based on population abundance, diversity, and to exploit species 
with fewer competing predators (Annett 1984). Predators also may fall prey to other 
species therefore a predation risk assessment is essential for foraging, the driving force 
being internal state. Hungry animals are more likely to risk predation and forage while 
satiated animals are less motivated to expose themselves to predation while foraging 
(Gillette et al. 2000). 
The Flabellina learning paradigm in Pleurobranchaea explained previously 
(Chapter II) describes the discriminatory capabilities of the predator and provides insight 
on a highly specific in vivo predator-prey interaction. The internal state of the predator 
describes how motivation to feed can cause extreme behaviors: famished 
Pleurobranchaea eat Flabellina regardless of the noxious defense mechanism because 
the animals are unsure of their next feeding opportunity, while less hungry animals will 
learn to avoid the noxious prey due to the known risk. Nevertheless, hungry animal 
animals will continue attacking innocuous prey like Hermissenda crassicornis, deciding 
that the end result of feeding on this prey outweighs the energy investing in predation. At 
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the other end of the spectrum, satiated animals refuse to attack any appetitive stimuli 
reflecting low motivation to feed. The data summarized in Chapter II describes predator-
prey interactions focusing on predator mechanisms of foraging that are possibly how 
Pleurobranchaea maintains a generalist approach in its natural environment (Fig. 5-1). 
 The capability of Pleurobranchaea to avoid noxious stimuli while still attacking 
innocuous prey is essential to survival, yet the question is how exactly does the animal 
discriminate between odors? The peripheral nervous system embedded in the 
chemosensory oral veil is the initial site where odors come into contact with the animal. 
The differential avoidance training data in Chapter II indicates that the extensive 
peripheral nervous system might not simply relay odor information to the central nervous 
system. The peripheral nervous system includes the sensory epithelia that provides 
information to densely packed ganglia located along the length of the oral veil, tentacles, 
and rhinophores (Bicker et al. 1982a). The neurons that compile these ganglia are not 
only sensory cells but interneurons as well (Bicker et al. 1982a). The physiological basis 
plus the behavioral data in this thesis suggest that as odors encounter the oral veil these 
ganglia could integrate sensation and provide a quality to specific odors, encoding odors 
as beneficial or noxious before reaching the central nervous system.  
Ideally, the electrophysiological correlates of bilateral conditioning and odor 
discrimination paradigms would confirm the hypothesis of peripheral integration. 
Unfortunately, whole animal preparations of trained animals revealed a pain induced loss 
of appetite masking the neuronal interactions of this type of learning. Although various 
reduced preparations were attempted to circumvent this effect, the putative effects of pain 
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were overwhelming. The use of local anesthesia to dampen the pain caused from surgical 
trauma in ongoing and future experiments could be an interesting endeavor to investigate.  
 The final portion of this thesis focuses on neural interactions between competing 
networks involved in the learning paradigm: feeding and avoidance turning. While 
investigating neurons in diverse networks, A-ci1, a swimming output neuron was shown 
to participate in avoidance turning as well as in escape swimming. This data supports the 
idea of multifunctional networks in simple nervous systems. A-ci1 is a motor output 
neuron in swimming and is not a part of the swim CPG (Jing and Gillette 2000) and 
possibly plays the same output role during an avoidance turn. The level of activity of A-
ci1 differs during swimming bouts and during avoidance turning, suggesting command 
swim/turn networks dictate both A-ci1 activity and, finally, behavioral output. 
Ultimately, the role of A-ci1 in both swimming and turning seems to be inhibition of 
feeding, allowing protective behaviors to take precedence. An updated model integrating 
the involvement of A-ci1 is shown in Fig. 5-2. Allowing the same neurons in a network 
to participate in other behaviors at different levels of activity is energetically and 
evolutionarily advantageous to simple nervous systems. Utilizing the same neurons 
reduces the need to create or expand the number of cells required to carry out a certain 
behavior.  
This study elucidates a mechanism of behavioral choice in a top-down fashion, 
beginning with overt behavioral observations and finalizing with neural network 
interactions at the cellular level. It has also provided a sound foundation for further 
investigations on learning, odor discrimination, and reciprocal interactions between 
avoidance turning and feeding. 
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Figure 5-1. Model of prey avoidance learning in Pleurobranchaea.  
The prey Flabellina carries both an appetitive and painful element that leads to aversive 
learning in Pleurobranchaea.  
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Figure 5-2. Summary diagram of the swim/turn circuitry, the feeding CPG and their 
interactions.  
Blue indicates new relationships recently uncovered.  Red shows hypothetical 
connections here, the turn network is expanded to the A3/IVS cells, which may mediate 
inhibition of feeding via A-ci1 during the turn.  The blue inhibitory connection from the 
feeding CPG reflects documentation of feeding-induced inhibition in the As neurons. The 
circuitry shown in the figure is simplified from the actual bilateral symmetry.   
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